The Spallation Neutron Source (SNS) Proton Power Upgrade (PPU) will double the beam power from 1.4 to 2.8 MW by adding cavities in the superconducting linear accelerator (SCL) which will increase the beam energy from 0.97 to 1.3 GeV and by increasing the average linac beam current from 26 to 38 mA. Provisions for an accelerator power increase were made in the original SNS project, and these are being leveraged to provide a costeffective means of doubling the beam power. The magnet systems were originally designed for the higher beam energies except for a few in the injection and extraction regions of the accumulator ring. Three injection region magnets will be redesigned. The eight injection-bump kicker power supplies will be upgraded to permit higher current operation and two additional extraction kicker power supplies and magnets will be added. This paper will review the requirements and options for the magnets and power supplies for the injection and extraction regions.
I. Introduction
The Spallation Neutron Source (SNS) Proton Power Upgrade (PPU) project at Oak Ridge National Laboratory doubles the beam power from 1.4 to 2.8 MW by a combination of increased H -beam current from the Ion Source in the accelerator Front End (FE) and increasing the Linac beam energy in the Superconducting Linac (SCL). The increase in H -beam current to 38 mA, measured at the exit of the radio frequency quadrupole (RFQ), has been demonstrated from the existing ion source [1] . Additional beam current margin will be provided by a planned 2018 operational upgrade to the RFQ prior to PPU. The increased beam energy to 1.3 GeV will be achieved by the addition of 28 superconducting acceleration cavities powered by three identical high voltage converter modulators and 28 klystrons. The design and development of a new modulator for PPU is detailed in a paper presented This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).
email: saethrerb@ornl.gov at this conference [2] . Fig.1 shows the layout of the portion of the SNS accelerator complex to be upgraded during the PPU project. 
II. Magnet Systems for PPU
The PPU project's beam energy of 1.3 GeV requires higher magnetic fields to provide the same bend angles as at 1 GeV. The higher fields will be achieved by increasing the power supply output current by 22%. This affects 228 magnet systems in the SCL, the High Energy Beam Transport (HEBT), the accumulation Ring (Ring), and the Ring to Target Beam Transport (RTBT) sections of the SNS accelerator. The upstream magnets in the linac, where the beam energy is less than 1 GeV, will continue to operate at the existing current set points.
Most of the magnet systems were originally designed for the higher beam energy. Three magnets in the injection region of the accumulator ring do not meet the requirements for operation at 1.3 GeV and will be redesigned. Two additional extraction kicker magnets will be required bringing the total to 16.
While the magnet power supplies can supply the required currents, there are ten supplies that will have low (<20%) margin. Fig. 2 is a chart of the magnets that will exceed 80% of their current (blue) or voltage (red) rating when operating at the projected PPU level. The ten magnet power supplies identified will be analyzed to determine which components are at risk of failure due to the reduced design margin. Figure 2 . Chart of DC Magnet power supplies that will exceed 80% of their current (blue) or voltage (red) rating when operating at projected PPU levels.
III. Injection Region

A. Injection Region Magnets
The complicated beam dynamics in the injection region (Fig 3.) [3, 4] . The H -beam from the Linac is converted to the proton beam by the stripper foil. Two waste beams are generated due to inefficient electron stripping at the foil. These are directed through the injection dump septum magnet (IDSM) to the injection dump located farther downstream. The stripped electrons are directed to a collector below the stripper foil. [6] .
Two of the four chicane dipole magnets and the ring injection dump septum magnet do not meet the requirements for higher beam energies. These magnets are being redesigned to meet the new requirements without changes to the existing power supplies. Fig. 4 is a plan view of the injection region magnets. This region has been thoroughly modeled and experimentally verified for use in design of the new magnets. Detailed plans, schedules, and cost estimates are currently being developed to attain DOE CD-1 approval. Chicane magnet #1 will be moved upstream by 32 cm to allow a longer lever arm for the required bend. Chicane #2 and #3 will be redesigned by a partner laboratory with the requirement that the existing power supplies, cooling, and diagnostics will be retained.
The IDSM was modified due to high beam losses in 2008 after initial SNS commissioning [5] . The modified IDSM works well at 1 GeV but will saturate at the higher currents so it will be redesigned with a requirement to use the existing power supply at less than 80% of its rating.
B. Injection Region Kickers
Eight injection kickers are used to paint the injected beam density in phase space to minimize the space charge effects, transverse instabilities, and optimize current density at the target [3] .
The injection kickers operate at a pulse repetition rate of 60 Hz and pulse widths of 4.5 ms. The kicker power supplies are current sources that reproduce an analog reference signal as a pulsed current on the magnets. The magnet loads for the supplies are 150 to 160 μH and require a peak current of up to 1400 amps at 1 GeV. The topology is based on 3 resonant chopper bridges, each triggered at 18 kHz but 120 degrees out of phase. The power supply can ramp from 0 to full scale in 1 ms.
Modeling indicated that only four of the eight injection kicker power supplies must be upgraded to a peak current of 1555 amps at the 1.3 GeV energy level while maintaining the existing bend angles. The magnets do not saturate at the higher currents and therefore do not require redesign.
The higher currents do not require a change in topology but do require higher rated components and control logic scaling changes. The average power through the power components will be kept the same as the existing design by changing the pulsed waveform delivered to the magnets. The increased current capability will be achieved by upgrades to the power components and controls to minimize cost and risk. The waveform will be changed by shortening the ramp up and flat top sections thereby reducing the overall pulse width and switching losses in the power components. The waveforms of the existing and the upgraded pulsed currents are shown in Fig. 5 . All eight power supplies will be upgraded to be capable of 1600 A pp to maintain commonality and standard control system scaling. Upgrades to the power supplies are to be performed during a scheduled downtime by the original manufacturer, IE Power, which was acquired by Eaton Corporation in 2011.
IV. Extraction Region
A. Extraction Region Magnets
The extraction region dc magnets meet the PPU beam requirements with the exception of the extraction septum. This magnet was optimized in 2009 for a beam energy of 1.0 GeV by the replacement of two shims. This reduced the skew quad component and solved the x-y coupling in the RTBT beam line. The shims will be modified again to reduce the multipole components to acceptable levels at 1.3 GeV.
B. Extraction Region Kickers
The extraction kicker system deflects the beam from the accumulation ring through the RTBT tunnel to the mercury target. The system consists of fourteen identical PFN modulators driving single-turn window frame Titanium Nitride (TiN) coated ferrite magnets [5, 6, 7] . Fig. 6 shows three magnets on a rail being inserted into a kicker vacuum chamber at Brookhaven National Laboratory during fabrication. Figure 6 . Three TiN coated extraction kicker magnets on rail being inserted in kicker vacuum chamber at Brookhaven National Laboratory [7] .
A beam energy of 1 GeV requires 13 modulators to deflect the beam from the accumulation ring. The 14 th kicker is operating at full voltage but is triggered 5 μs after the other 13 kickers so as not to cause interference while the beam is in the ring. This "out-of-time" kicker serves as a hot spare, ready to be used when a PFN fails, usually due to thyratron timing instability. Development of a solid state thyratron replacement is currently underway with improved timing stability [8] . This may result in higher reliability when the development project completes within the next year.
1) PPU Baseline
The baseline PPU design deflects the 1.3 GeV beam with the addition of two kicker systems. The two additional kicker systems consist of power supplies, controls, PFNs, cooling assemblies, TiN coated magnets, and vacuum systems with a projected cost of $3.2M in 2016 dollars. The baseline consumes the hot spare for a total of 16 operational kickers. The loss of the hot spare is not desirable as it will decrease availability for neutron production.
The two new magnets will be installed in annex tanks connected to the existing seven-magnet tanks, one on the upstream end and one on the downstream end. The installation location of the upstream annex tank is shown in Fig. 7 . The addition of two magnets from 14 to 16 will raise the impedance seen by the circulating beam in the ring. ORBIT simulations by J. Holmes [9] have been benchmarked against operational beam measurements with good results. Simulations for a 1.3 GeV beam predict stable operation. Raising the impedance by a factor of 16/14 is not expected to be a problem.
2) Alternatives to Baseline
A cost saving alternative to adding two kickers is to increase the current in each magnet by increasing the PFN voltage to provide the same kick angle. The extraction kickers were limited to 35 kV during commissioning for "the concerns of device lifetime, system reliability, fault tolerance, and system sustainability" [10] . SNS now has over 10 years of experience running these systems and a correlation between voltage and increased failures of the thyratron has not been observed. The high voltage power supply and PFN capacitors are of concern for reduced reliability at higher charge voltages.
After commissioning, the set points were lowered on the upstream kickers to 20 kV and increased on the downstream kickers to 38 kV. Using the 22% increase required to bend the 1.3 GeV instead of the 1 GeV beam, a voltage of 46.4 kV would be required for the downstream kickers. During a recent accelerator physics period at SNS a study was performed to balance the kicker voltages and use the magnets in the RTBT to adjust the beam trajectories [11] . The study found an optimal set point of 32 kV for each of the 13 kickers which resulted in low beam losses at 1 GeV. The maximum voltage required for a balanced 13 kicker system at 1.3 GeV is 39.0 kV. This balanced set point is also advantageous for neutron production recovery after a PFN failure as the operators no longer are required to find the low beam loss settings for the extraction kicker voltages when swapping a downstream for an upstream kicker or vice versa.
The maximum voltage is currently limited to 38 kV by the 8 kJ/s capacitor charging power supply. The 60 Hz SNS operation limits the time available to charge the PFN to 13 ms, with 2.7 ms allocated for thyratron recovery and machine protection. Machine protection requires that verification of the PFN charge voltage be completed prior to the beam being launched into the Linac. If the voltage is not above a minimum level to properly kick the beam from the ring, the pulse cycle is aborted. The existing 8 kJ/s power supply, charging the PFN capacitance of 142 nF, charges to a maximum of 38.2 kV in 13 ms or 2.93 kV/ms. Fig. 8 shows the existing 2.93 kV/ms waveform (blue) and a theoretical 5.9 kV/ms waveform (red). Three options were considered to achieve a faster charge rate. The assumptions are that 13 kickers balanced at 39 kV will be required and the hot spare will be retained. A hot spare eliminates the minimum 4 hours of downtime required to repair a failed PFN system and maintains high availability for neutron production SNS achieves now.
a) Procure New 10 kJ/s Charging Supplies
A 10 kJ/s (or greater) power supply is capable of charging the SNS PFN to the required 39 kV in less than 13 ms with at least 2 ms of margin. A search is ongoing to identify possible manufacturers of these supplies but with limited success.
b) Parallel two 8 kJ/s or 8 and 4 kJ/s Charging Supplies
The existing supply is capable of being operated in parallel, effectively doubling the charge rate. Initial testing using two power supplies in parallel demonstrated that the charge rate increased from 2.5 to 5.0 kV/ms. Difficulties combining the power supply outputs, high voltage connector reliability, rack space, and thermal management are issues to be addressed. This option doubles the number of power supplies and requires increasing the number of problematic high voltage output cable connectors from two to six. This option is considered a backup to the other two options.
c) Resonant Charging Power Supply (RCPS)
A power supply based on resonant charging transfers energy between a large storage capacitor and a small load capacitor through a series inductance. This method can achieve charge times of less than 1 ms, much faster than a constant current source capacitor charging supply. Variations of this topology have been successfully implemented in industry and accelerator facilities [12, 13, 14] . The upper limit of the charge rate is determined by the maximum allowed dV/dt of the high voltage switch.
A resonant charging power supply would consist of a dc power supply, a storage capacitor bank, a series high voltage switch, a free wheel diode, a step-up transformer, and a series blocking diode. The step-up transformer ratio defines the dc capacitor bank voltage and IGBT ratings. Leakage plus stray inductances and the PFN capacitance determine the resonant charge time.
The dc power supplies must be rated greater than 9 kW to keep the dc capacitor bank fully charged between the 60 Hz pulses. The storage capacitor bank should be at least 10 times greater than the equivalent total PFN capacitance as seen on the primary side of the transformer to allow ~2x voltage ring up of the PFN.
Multiple transformer ratio options were explored to determine the optimal selection of IGBTs, capacitors, and dc power supplies. A point design with a 1:19.3 step up transformer was simulated using LTspice from Linear Technology and the schematic shown in Fig. 9 . Variable pulse-to-pulse charge voltage of the PFN is possible with the RCPS system by active control of when the series high voltage switch is opened. This may be beneficial if there are different beam energies between beam pulses in future operational modes. If the charge switch is opened against the current flowing in the inductors, high voltage will appear across the IGBT. To prevent this, the freewheeling diode (D1) provides a path for this current and the PFN will continue to charge until the stored energy in the inductances is transferred. Fig. 10 is a chart of the simulated PFN voltage (black) and the current (red) in the switch S1. Switch S1 was opened at 95 μs causing the current to stop flowing through the switch as shown by the abrupt change in the red trace. The PFN voltage continues to rise until the final voltage of 46 kV is achieved at 100 μs. The series diode (D2) on the secondary side of the transformer holds the voltage on the PFN by blocking the current from reversing due to the resonant circuit. The high voltage switch (S2) is closed to extract the beam after 2.7 ms. This allows verification of the PFN charge voltage and accumulation in the ring. The high voltage components could be placed inside the PFN tank for high voltage insulation, while the lower voltage components could be placed outside but near the PFN tank to reduce cable lengths in the resonant circuit. The 9 kW dc power supply could be installed in place of the existing 8 kJ/s capacitor charging supply connected to the storage bank via the existing high voltage cables.
The RCPS design is preferred as it reduces the time high voltage is present in PFN tank and eliminates thyratron prefires earlier than 2 ms, which increases the reliability and lifetime of the thyratron, high voltage capacitors, connectors, and cabling.
V. FUTURE WORK
The search to identify possible manufacturers for a 10 kJ/s capacitor charging power supply will continue. A detailed specification will be written to ensure consistent comparisons of proposals.
Development of the RCPS will continue with a proof of concept test with components on hand to identify component requirements and verify simulation models. When this is successfully demonstrated, a prototype system will be fabricated and installed on the extraction kicker test stand. The extraction kicker test stand is a duplicate of the operational kickers apart from the simulated magnet load. Reliable operation at 60 Hz and full voltage will be verified prior to a selection of the final PPU design.
VI. SUMMARY
The SNS Proton Power Upgrade will increase the beam energy from 1.0 to 1.3 GeV. Most of the magnet systems were designed for the increased energy during initial SNS construction and will require no modification. The exceptions are three magnets in the injection region and one in the extraction region. The kicker systems will require upgrades to the injection kickers to achieve higher fields. Two additional extraction kickers are proposed but a cost saving option is being explored which raises the fields in the existing kickers to provide the same bend currently provided by 13 kickers. A resonant charging power supply was described as a method of increasing the charge rate of the PFN to reach higher voltages between pulses.
